Introduction
The space radiation environment can be conveniently divided into two areas of interest involving exposure of individuals: the environment inside spacecraft during manned space missions and the environment inside supersonic aircraft. In general, it may be stated that except for the radiation produced in connection with fairly rare giant storms occurring on the surface of the sun, which emit large fluences of high energy protons and to a lesser extent helium and heavier ions, the space radiation environment is predictable and quite well studied. One major concern in the area of hazard evaluation is that the long term biological effects of the heaviest component of the galactic cosmic rays are still unknown. These will be important, if at all, only when space travellers undertake extended missions either earth-orbital, lunar, or planetary in nature, lasting on the order of a year or longer. Only a brief review of the environments will be given here, as extensive discussion can be found in the literature (Tobias and Todd, 1974; ACRBASST, 1975) .
The Radiation Environment in Space
It is convenient to divide discussion of the space radiation environment into three sections depending on the source of the radiation: solar particle radiation, trapped particle radiation, and galactic radiation. Each will be described briefly here; a comprehensive review of all aspects of this problem is contained in the book Space Radiation Biology and Related Topics edited by Tobias and Todd (1974) .
Solar Particle Radiation
High energy particles from the sun come in large bursts (called particle events) and are associated with many, but not all, of the solar flare events or "storms" that occur sporadically on the sun's surface. Solar activity in the form of sun-spot frequency appears to vary periodically, with a maximum occurring every eleven years. Major solar flares and, therefore, major particle events are more probable during the solar active portion of the cycle than during the solar "minimum" period. Total particle 39 fluence in the two recent solar cycles has been dominated by only a few particle events. For example, in the most recent solar cycle (1964) (1965) (1966) (1967) (1968) (1969) (1970) (1971) (1972) (1973) (1974) (1975) , three particle events occurring in August, 1972, completely dominated the fluences for the whole cycle. In addition, it is observed that major events frequently cluster within two to five days, so a large particle Iluence can occur in a relatively short period of time.
In general, the higher-energy particles arrive first, peak in intensity earlier, and decay faster. Thus, the spectral shape is a function of time. The energy spectra are quite steep, peaking at low energy. The spectral shapes vary from event to event but typically drop off as E-2 to E-5 • Protons make up the large majority of particles in solar particle events. Helium ions constitute roughly 5-10 percent, although this percentage can vary considerably from event to event. The relative number of heavier nuclei found in events is also variable, but in many the ratio of helium to heavier ions has been observed to be around 60 to 1.
The steeply falling energy spectra result in a sharply decreasing dose as a function of depth of shielding or depth within the astronaut's body. As an example, for a "typical" giant proton event with total isotropic fluence of 10 10 cm-2 in the vicinity of the earth and a reasonable spectral decrease, it has been estimated that the absorbed dose to the lens of the eye would be 36 Gy (3600 rad) behind no shielding (except the self-shielding provided by the astronaut's body), 1.9 Gy (190 rad) behind 1 g cm-2 and 470 mGy ( 4 7 rad) behind 4 g cm-2 of spherical aluminum shielding. For a given shielding of 1 g cm-2 , the absorbed dose to the eye would be 1.9 Gy (190 rad), that to the skin of the chest, 2.2 Gy (220 rad), to the sternum 280 mGy (28 rad), and to the gut 66 mGy (6.6 rad). This shows the importance of the astronaut's body itself as a shield for the inner organs.
The production of secondary particles is not important for the case of thin shielding, but as the overall shielding increases, the secondary-particle dose becomes more important. At an average thickness of 20 g cm-2 of aluminum, the neutron absorbed dose contribution can approach the primary proton absorbed dose. Doses due to secondary particles will also be relatively more important deep within the body.
The magnetic field of the earth is a very effective shield against low energy solar particles in all near-earth regions except over the magnetic poles. For earth-orbiting satellites at orbital inclinations of 30°, it has been estimated that the total absorbed dose rate at the skin from a large event would not average more than 50 µ,Gy day-1 (5 millirads day-1 ) for at most three days. For polar orbiters, the situation would be quite different since particles can spiral down the magnetic field lines of force, and a large event can produce as much as 450 mGy ( 45 rad) at the skin, with 10 percent of that at the body mid-line. These are estimations for a shielding thickness of 2 g cm-2 at an altitude of 400 km.
Trapped Particle Radiation
The trapped particle belts surrounding the earth are a well-known and well-studied phenomenon. An interesting combination of two geomagnetic features -the displacement away from Brazil of the "effective dipole" that can be considered as causing the geomagnetic field, plus a region in South Africa that causes a local magnetic field distortion -creates a geomagnetic field configuration causing trapped particles of the inner proton belt to dip closer to the earth over a portion of the South Atlantic Ocean. This distortion is known at the South Atlantic anomaly and is the major source of dose for low earth orbiting satellites. The important characteristics of trapped particle doses in low altitude orbits are: (1) most of the absorbed dose is from protons, with only a small contribution from electrons; (2) the dose varies strongly with shielding thickness, decreasing as the shielding is increased; (3) the trapped particles are not isotropic but arrive in preferred directions, dictated by the geomagnetic field outside the spacecraft; and (4) the majority of the dose comes from the South Atlantic anomaly and possibly the edges of the outer belt for highly inclined orbits, with the magnitude varying strongly with altitude, but at a given altitude, varying weakly with orbital inclination angles greater than 30°.
Examples of absorbed dose index rates in the spacecraft during typical missions at 30° inclination and an altitude of 200 kilometers run about 100-200 µ,Gy d-1 (10-20 mrad d-1 ).
Electrons from the outer belt will be important only in the case of extremely high orbiters; for instance, for those in geostationary orbits, and for situations of thin shielding.
Galactic Cosmic Radiation
Galactic cosmic radiation consists of nuclei which have been accelerated to high energy somewhere outside our solar system and appear to pervade the environment of our earth isotropically. In the earth's vicinity, roughly 88 percent are protons, 10 percent helium nuclei, 1 percent electrons and 1 percent heavy nuclei (i.e., with Z > 2). Energy spectra rise with energy to broad maxima in the region of 200-400 MeV for protons and 200-400 MeV amu-1 for helium ions. At higher energy, the spectrum falls roughly as E-2 · 6 • During solar minima, the spectra appear to have minima at about 30 MeV amu-1 and then rise at lower energies. There is a depression of the low energy flux density during solar active times which is due to enhanced screening caused by increased solar wind associated with the solar activity.
Energy spectra of heavier particles as a function of energy per nucleon have shapes very similar to the proton and helium spectra. The relative contributions of these particles have been measured in some detail. The carbon-nitrogen-oxygen (CNO) group is down in intensity by two orders of magnitude below the protons. Ne-Mg-Si intensities are one order of magnitude below the CNO group and the S-Ar-Ca-Ti-Cr group is two orders of magnitude below the CNO group. An interesting feature is that an even heavier group, the iron group (Mn-Fe-Co) has larger fluences than the S to Cr group -only one order of magnitude below the CNO group. These particles in the iron group may be of some concern in extended space flight, if the damage they cause is not repaired in certain critical organs. Damage may accumulate over a long period of time, eventually causing organ malfunction. A discussion of this potential problem along with some consideration of possibly revised dosimetric concepts in the area of heavy-ion dosimetry is contained in a report published by the National Academy of Sciences of the United States (Grahn, 1973) .
The annual absorbed dose in a small volume element of water at solar minimum behind 0.2 g cm-2 of water shielding has been estimated to be in the range of 100 milligray (10 rad) with perhaps onethird of this from particles with Z > 2. The addition of shielding will cut down on the dose from higher Z particles, but will not affect appreciably the dose from protons. At solar active times, the low energy component is absent and the absorbed dose rate can be expected to drop by a factor of 2; however, an increase in the dose rate with depth is expected over the first several centimeters of shielding due to the production of secondaries.
The geomagnetic field is an effective shield against low energy galactic cosmic rays in low magnetic latitudes ( <60°). In this region, the effect of the solar cycle is negligible since only high energy particles can reach these latitudes, and they are not modulated as strongly by solar activity. It has been estimated (ACRBASST, 1975 ) that the dose equivalent index rate at 20 km, a typical altitude for SST flight, will vary between 0.3 and 1.5 mrem h-1 , depending on geomagnetic latitude, at solar minimum. This is the maximum rate estimated from the galactic cosmic radiation.
These numbers were obtained from a study of the available experimental data and the theoretical calculations accumulating over recent years. A set of "best" values were nbtained by a synthesis of the information. It is of interest that a roundtrip of 4 hours duration even at the maximum rate of 1.5 mrem h-1 yields a value of dose equivalent (6 mrem) comparable with that measured on subsonic roundtrip flights between San Francisco and various other cities.
The greatest concern in SST flight arises from very rare giant solar particle events containing large fractions of high energy particles. Two events have occurred (in February, 1956 and August, 1972) which produced, at an altitude of 17. 7 km and at high latitude, estimated dose equivalent index rates of 400 mrem h-1 or higher. All other events produced rates estimated to be below 100 mrem h-1 • A detailed review of the available data along with recommendations of exposure limits for supersonic air travel is contained in a report formulated by a committee advising the U.S. Federal Aviation Agency (ACRBASST, 1975) .
